We have introduced single cysteine residues into the and C helices. To probe the conformational changes ligand-binding domain of a "cysteineless" CNG1 chanoccurring in the ligand-binding domain during channel nel and used cysteine-specific modifying reagents to activation, we used the substituted cysteine accessidetermine the accessibility of the residue in the closed bility method (SCAM). We found that a residue in the ␤ and unliganded, closed and liganded, and open states.
Figure 1. Elimination of Effects of Cysteine Modification
(A) Effects of cysteine-modifying reagents on wild-type CNG1 channels. The membrane topology illustrating the positions of the seven endogenous cysteines in CNG1 is shown on top. Representative current families are shown from inside-out patches excised from Xenopus oocytes expressing CNG1 channels. Currents were measured at the indicated cGMP concentration before and after a 2 min exposure to 250 M thimerosal in the presence of 2 mM cGMP. Current sweeps were elicited at the indicated cGMP concentrations by voltage pulses from 0 mV to potentials between Ϫ80 mV and ϩ80 mV in 20 mV steps. Leak currents in the absence of cGMP were subtracted thoughout the paper. The currents elicited by high concentrations of cGMP exhibit a small sag due to ion accumulation/ depletion, as indicated by the small tail currents seen when stepping back to 0 mV, the reversal potential in these symmetrical solutions (Zimmerman et al., 1988) . Dose-response curves for activation by cGMP at ϩ60 mV before (bow ties) and after (circles) application of thimerosal are shown at the bottom. , where I max is the maximum current for each patch at saturating cGMP, K 1/2 is the concentration of cGMP producing halfmaximal current, and n is the Hill coefficient. Before thimerosal application: K 1/2 ϭ 48.4 M, I max ϭ 4.66 nA, and n ϭ 2.06. After thimerosal application: K 1/2 ϭ 3.90 M, I max ϭ 4.85 nA, and n ϭ 1.51. (B) Effects of cysteine-modifying reagents on the cysteineless channel CNG1c7. The membrane topology of CNG1c7 channels, illustrating the amino acids replacing the endogenous cysteines, is shown on top. Currents from the cysteineless channel were measured before and after a 4 min exposure to 500 M thimerosal in the absence of ligand. The Hill fit shown by the smooth curve has the following parameters: K 1/2 ϭ 7.00 M, I max ϭ 1.49 nA, and n ϭ 2.10.
Elimination of Endogenous Cysteines
( Table 1 ). The equilibrium constant for the opening allosteric transition with cGMP was determined with tetraTo study the effects of the modification of cysteine residues introduced into the cyclic nucleotide-binding docaine, as previously described (Fodor et al., 1997) . The concentration of the tetracaine blocking half of the satumain, we mutated all seven endogenous cysteines of CNG1 to create a cysteineless channel (CNG1c7) as rating cGMP current (K 1/2 , tetracaine) was similar for CNG1c7 and CNG1 channels ( Table 1 ), implying that follows: C35A, C169S, C186S, C314S, C481F, C505V, and C573V. Although thimerosal oxidizes free sulfhydryl these channels have comparable equilibrium constants for the opening allosteric transition. The similarity of groups with high specificity, organomercurials can have nonspecific effects as well (Brocklehurst, 1979 ; Chiamvi-CNG1 and CNG1c7 channel function suggests that mutating the endogenous cysteines did not greatly alter monvat et al., 1995). We verified that thimerosal had no effect on the cysteineless channel by applying 500 M the structure of the channel. thimerosal for 4 min to CNG1c7 channels in the absence of ligand ( Figure 1B) . Similarly, exposure of CNG1c7
Introduction of Cysteines into the Ligand-Binding Domain of the Cysteineless Channel channels to 500 M thimerosal with ligand or to 10 M MTSET either with or without ligand had no effect on We have used the CAP structure to guide our choice of positions where cysteines were introduced into the the function of CNG1c7 channels (data not shown). Hence, all effects of cysteine modification in this study ligand-binding domain of CNG1 channels because many of the amino acids in the nucleotide-binding pocket of can be attributed to the cysteine residues introduced into the cysteineless construct.
CAP are conserved in CNG1 channels (Figure 2A , yellow). The cyclic nucleotide-binding domain of CAP conTo verify that mutating the endogenous cysteines did not dramatically change the structure of the channel, we tains eight ␤ strands, which form a ␤ roll ( Figure 2B , blue), followed by two ␣ helices, designated the B helix characterized the gating behavior of CNG1c7 channels. Mutating the endogenous cysteines decreased the con-(green) and C helix (yellow) (Weber et al., 1987) . In the CAP structure, cAMP ( Figure 2B , red) is in the anti concentration of cGMP that produced half-maximal current (K 1/2 , cGMP) (Table 1; Figure 1, bottom) . Introduction of figuration.
To study conformational changes occurring in the lithe C481F mutation alone can account for virtually all of the change in the K 1/2 for cGMP (Table 1) . The fractional gand-binding domain of the channel during activation, we introduced individual cysteines in the ␤ roll (C505) activations of saturating cAMP and cIMP compared with saturating cGMP (I max,cAMP /I max,cGMP and I max,cIMP /I max,cGMP , reand in the C helix (G597C) in the cysteineless channel CNG1c7 (Figure 2A, arrows) . Methanethiosulfonate ethylspectively) were similar in CNG1 and CNG1c7 channels Figure 2C ), generated using the automated comparaare relatively small, we have assumed for the remainder of this study that the structure of both the C505 channel tive protein-modeling server SWISS-MODEL (Guex and Peitsch, 1997). and the G597C channel is similar to that of the CNG1c7 channel. Initially, we determined the effects of the C505 and G597C mutations on the gating of CNG1c7 channels.
Next, we examined the effects of the cysteine modification of the C505 and G597C channels. Exposure of Introduction of C505 into CNG1c7 channels did not tion could be due to either a physical change in the position of the cysteine residue or a change in the envito DTT had no effect on channels that had not been exposed to thimerosal (data not shown). Thimerosal ronment surrounding the cysteine residue that affects the reactivity of the thiol group to the reagent. The protomodification of G597C also inhibited channel activity, but, in contrast to the effect of thimerosal on C505 chancols used to measure time courses of inhibition are diagrammed at the top of Figure 4B (see Experimental Pronels, the effect of thimerosal on G597C channels reversed spontaneously in the absence of DTT (data not cedures). The bottom of Figure 4B shows the time courses of inhibition of C505 and G597C channels when shown). Hence, we used MTSET to study modification of the G597C channels. As opposed to modification of the cysteine-modifying reagent was applied in the absence of ligand ( Hence, the differences in the state dependence of modiThe actual state dependence of modification of C505 fication of C505 and G597C suggest that these residues and G597C may be even greater than that measured by are involved in distinct conformational changes octhese time courses of inhibition. We often observed a curring during channel activation. Box plots summarizsmall rundown in current while exposing CNG1c7 chaning the rates of inhibition for multiple patches are shown nels to cysteine-modifying reagents over the course in Figure 5 . of the experiment. This small rundown, similar to the amount of inhibition seen with C505 channels modified in the presence of ligand and with G597C channels modified in the presence of cGMP, showed little or no reversibility with DTT and is most likely due to a slow loss in channel function that is independent of cysteine modification. Additionally, tetracaine experiments suggest that the allosteric transition with cGMP is less favorable for G597C channels than for CNG1c7 channels and that G597C channels are closed ‫%01ف‬ of the time at saturating concentrations of cGMP. Potentiation by Ni 2ϩ was also used as a tool to estimate the equilibrium constant for the allosteric transition, as previously described (Gordon and Zagotta, 1995; Sunderman and Za- slower than that measured in saturating cGMP. Figure 6B . Dose-response curves of G597C channels were measured following various effective exposure subunits, although the channels form as tetramers. We expect qualitatively similar results in a more complex times to MTSET in the absence of ligand. In contrast to C505, modification of G597C greatly decreased the model that considers the cysteine modification of all four subunits. The ability of the cGMP dose-response current elicited by saturating cGMP concentrations but only slightly increased the apparent affinity for cGMP. curves of C505 channels to be fit by a model in which cysteine modification affects only initial ligand binding, Again, modification was not complete, as evidenced by the larger effects of longer exposures to MTSET. combined with the state-dependent accessibility of this residue, suggests that this region of the channel (the ␤ roll) is involved in the initial binding of ligand.
Discussion
The effects of the modification of G597C can be described by a model in which cysteine modification afThe different effects of the cysteine modification of C505 and G597C can be explained by distinct mechanisms fects only the opening allosteric conformation change occurring after the ligand has initially bound ( Figure 7B ). of inhibition. Models that show the effect of cysteinemodifying reagents on initial ligand binding and the Modification decreases the equilibrium constant for the allosteric transition (L) for each subunit by a factor of opening allosteric conformational change are shown in Figure 7 . Two subunits are shown, each containing a y. In this case, the channel is accessible to cysteinemodifying reagent when the channels are closed (either cyclic nucleotide-binding domain. The independent initial binding of two cyclic nucleotides (shown by trianwith ligand bound or not bound) but not when the channels are open. The smooth curves in the dose-response gles) is followed by a concerted allosteric conformational change that opens the pore. Cysteine-modifying curves in Figure 6B are fits of the model shown in Figure  7B . The large change in maximal cGMP current, with reagent binds independently to multiple subunits (shown by closed circles). The proportion of channels with a little change in the apparent affinity for cGMP, can be explained if the binding of MTSET to a single subunit given number of modified sites was calculated assuming a binomial distribution where p, the probability of modificauses a large decrease in the equilibrium constant for the opening allosteric transition, and modification of a cation of a given subunit, is a function of the time of Since even a 2-fold effect of modification on the allostevery little difference when we fit the data in Figure 6B to a more complex model that considers the cysteine ric transition would have been apparent with saturating cGMP, this effect of modification of C505 is cyclic nuclemodification of all four subunits (data not shown). The only significant difference between the fits with two and otide specific and must arise from differences in the way the cyclic nucleotides interact with the binding domain four subunits was in , a measure of the rate of chemical modification of a single subunit. was twice as large during the allosteric transition. Although we cannot rule out the possibility that thimerosal modification of C505 (60 s versus 30 s) using the tetrameric model, since twice as many sites were available for chemical modifihas a small effect on the opening allosteric equilibrium for cGMP, much of the effect of C505 modification can cation. The ability of a model in which cysteine modification affects only an opening allosteric transition to fit be explained by a model affecting only initial ligand binding. the cGMP dose-response curves of G597C channels, combined with the state-dependent accessibility of this The results of this study, combined with the known structure of CAP, support a molecular mechanism in residue, suggests that this region of the channel (the C helix) is involved in an opening allosteric conformational which ligand initially binds to the closed channel primarily through interactions between the ␤ roll structure change following the initial binding of ligand.
Modification of G597C with 10 M MTSET for 30 s and the ribose and phosphate of the cyclic nucleotide, and the opening allosteric conformational change incaused a large decrease in the current elicited by saturating concentrations (16 mM) of cAMP and cIMP, devolves the movement of the ␤ roll relative to the C helix (Figure 8 ). This mechanism was previously proposed creasing I max,cAMP /I max,cGMP at ϩ60 mV from 0.100 Ϯ 0.008 (mean Ϯ SEM, n ϭ 11) to 0.01300 Ϯ 0.00002 (n ϭ 2) and based on the observations that substitution of D604 in the C helix dramatically alters the opening allosteric I max,cIMP /I max,cGMP at ϩ60 mV from 0.700 Ϯ 0.052 (n ϭ 11) to 0.135 Ϯ 0.014 (n ϭ 2). A model in which cysteine transition, whereas substitution of T560 and R559 in the 
Xenopus oocytes were prepared and injected with cRNA as pre- USA 85, 1287-1291.
